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Signals from Embryonic Fibroblasts Induce Adult Intestinal Epithelial Cells to Form Nestin-Positive Cells with

INTRODUCTION
The mammalian intestinal epithelium (IE) is a highly and continuously regenerative tissue whose maintenance and renewal is mediated by intestinal epithelial stem cells. Intestinal stem cells located at the base of the intestinal crypts give rise to transit-amplifying (TA) cells, which proliferate and "niche" composed of epithelial and mesenchymal cells and extracellular substrates. The stem cell function is collectively regulated by signals of the niche including signaling molecules of Wnt, hedgehog, bone morphogenetic protein (BMP), and Notch pathways [3] [4] [5] [6] [7] . However, due to our limited knowledge about the maintenance of functional stem or progenitor cells by niche factors, to date, researchers have been unable to cultivate multipotent cell lines from the intestine. The immature intestinal epithelial stem cells have not been clearly identified so far, although markers such as the neural stem cell markers Musashi-1 and Hes-1 have been detected in cell populations above the small intestinal crypt [8] .
There are, however, two developmental regulatory genes, Cdx1 and Tcf4, which are specifically expressed in the TA cells, that may serve as suitable markers of intestinal epithelial progenitor cells [9, 10] . Specifically, TA cells are characterized by a high but finite capacity for proliferation (dividing ϳ12-13 hours) and show no clonogenic potential [11] .
Because mouse embryonic fibroblasts (MEFs), a mesenchymal cell population, are routinely applied as feeder layers (FLs) to maintain the pluripotency of embryonic stem (ES) cells, we hypothesized that the use of this "artificial niche" might be sufficient to cultivate mouse and human intestinal epithelial cells in vitro, which could be used to identify multipotent Cdx1 and Tcf4-positive cells. Surprisingly, we found that under the influence of signals from FL, intestinal epithelial cells were reprogrammed into cells expressing nestin. Nestin was initially identified as a marker of neural stem and progenitor cells [12] , but it has also been detected in many non-neuronal embryonic and adult tissues (i.e., cardiac, skeletal, pancreatic, hepatic), during tissue regeneration [13] , and in early committed ES cell derivatives [14] .
Using the intermediate filament protein nestin as a marker, we have successfully characterized a novel cell type generated from the intestinal epithelium, which we have termed intestinal epithelium-derived nestin-positive cells (INPs) . The derivation of nestin-positive cells from intestinal epithelium by in vitro coculture with FL enabled us to (a) identify a population of Cdx1-positive cells, (b) analyze the properties of nestin-expressing cells with respect to proliferation and to differentiation capacity in vivo and in vitro, and (c) delineate a potential mechanism required for the formation of nestin-positive cells.
MATERIALS AND METHODS
Cell Culture
Small intestine was prepared from jejunum and ileum of RO-SA26, B5/enhanced green fluorescent protein (EGFP), and pNestin-EGFP mice, respectively, and intestinal epithelial cells were isolated by mechanical dissection and enzymatic dissociation with Accutase (PAA Laboratories, Linz, Austria, http:// www.paa.at). Cells (n ϭ 5-7 ϫ 10 7 ) were cultured according to the scheme shown in Figure 1 on mouse embryonic fibroblast FL [15] in medium I supplemented by leukemia inhibitory factor (LIF), basic fibroblast growth factor (bFGF), and epidermal growth factor (EGF) (supplemental online Methods; supplemental online Table 1 ). LIF supports the survival and maintenance of embryonic stem and neuronal cells [16] , and bFGF and EGF facilitate the proliferation of nestin-positive neural precursor [17, 18] and intestinal epithelial cells [4] .
For generation of INPs from clusters, at day 9 -14, clusters (n ϭ 40 per preparation) were mechanically isolated and cultured in medium I on gelatin-coated culture dishes for an additional 1-2 passages. In parallel, clusters were dissociated by collagenase/dispase and transferred into bacteriological dishes to generate spheroids and neurosphere-like aggregates, respectively. At day 5, spheroids were plated in medium II containing LIF and the cAMP stimulator forskolin (an antiapoptotic factor; [19] ) to generate spheroid-derived INPs. In addition, clusterderived cells were cultured for 7-14 days as neurosphere-like aggregates in media V, Va, and Vb, respectively (supplemental online Table 1 ). Type 1 cells were generated by continuous subculture on FL in medium I for 5-14 passages (Fig. 1) .
Human tissue was obtained from patients by informed consent and after approval by the ethics committee. Tissue of the small intestine (ϳ4-cm pieces) was isolated (after removal of contaminating muscle tissue) and washed in an antibiotic solution, and IE cells were isolated and cultured as clusters and spheroids in a procedure similar to that described for mouse cells (supplemental online Methods).
A detailed description of the mouse models, culture methods, ␤-galactosidase staining to identify ROSA26-derived cells, culture of Wnt5a-secreting cells, production of Wnt5a-conditioned medium, and the derivation of clusters and INPs from human intestinal epithelium is given in the supplemental online Methods and Notes.
Clonal Analysis
Spheroid-derived, cluster-derived, and type 1 cells isolated from ROSA26 and B5/EGFP mice were used for the analysis of clonogenic capacity (supplemental online Methods).
Differentiation Analysis
For differentiation into the neuronal lineage, cells were cultured in medium III for 6 days and subsequently in medium IV (all media are given in supplemental online Table 1 ) for 14 days according to reference 20. Neurosphere-like aggregates (7-14 days in medium V) were plated in medium IV for 14 days and used for reverse transcription-polymerase chain reaction (RT-PCR) analysis. Neuronal differentiation of INPs from clusters (14 days) and of neurosphere-like aggregates (14 days) was tested by coculture on PA6 stromal cells and by incorporation into hippocampal slice cultures (supplemental online Methods). For pancreatic endocrine differentiation [21] , cells were cultured in media VI and VIa for 14 -21 days, and insulin production was analyzed by enzyme-linked immunosorbent assay (ELISA) (supplemental online Methods). Hepatic differentiation [22] was induced by culture in media VII and VIIa for 14 -21 days.
RNA Extraction and RT-PCR Analysis
Total RNA was extracted from MEFs (CD-1 strain), FL (NMRI strain), intestinal epithelial tissue, and type 1 cells after pancreatic and hepatic differentiation and from mouse tissues of embryonic (E)14.5-day embryos. Transcripts from clusters, INPs, and differentiated cells derived from neurosphere-like aggregates, were extracted by Dynalbeads using the Direct micro kit (Dynal Biotech, Oslo, Norway, http:// www.dynalbiotech.com). Quantitative-PCR with SybrGreen core reagents (PE Biosystems, Foster City, CA, http://www. appliedbiosystems.com) and RT-PCR were performed as described [15, 23] . Primer sets are provided in supplemental online Table 2 .
SAGE Library Construction and Analysis
A SAGE library was constructed from pooled poly A ϩ RNA (passage 3 MEFs; n ϭ 5) according to Anisimov et al. [23] . Restriction enzymes NlaIII and BsmFI (New England Biolabs, Ipswich, MA, http://www.neb.com) were employed for tag generation. After concatemerization, the SAGE tag containing DNA was cloned into pZeRO-1 and sequenced. Sequencing results were analyzed with SAGE 2000, version 4.12 (http:// www.sagenet.org) via GenBank datasets (Unigene Build 132) as previously described [23] 
Immunocytochemistry
Immunohistochemistry of intestinal tissue (ROSA26 mice), nestin-EGFP detection in the tissue (pNestin-EGFP mice), and immunocytochemical analysis of FL cells, clusters, type 1 cells, and cells derived from clusters, spheroids, and neurosphere-like aggregates was performed as described [20, 22, 24] (supplemental online Methods; supplemental online Table 3 ). 5-Bromo-2Ј-deoxyuridine (BrdU) (10 mol/l for 12 hours) analysis was done according to the manufacturer's instructions (Abcam, Cambridge, U.K., http://www.abcam.com).
Electrophysiological Analysis
For patch-clamp analysis, single cells isolated from neurosphere-like aggregates, INPs growing out from isolated clusters, and differentiated (synaptophysin-positive) cells were taken (supplemental online Methods).
RESULTS
Cultivation of Intestinal Epithelial Cells on FL Generated Nestin-Positive Cells (INPs)
We successfully cultivated IE by employing FL (mitomycin [Mutamycin; Bristol-Myers Squibb, Princeton, NJ, http://www. bms.com) C-inactivated MEFs) and media supplemented with LIF, bFGF, and EGF. Because the reprogramming process was dynamic and several cultivation conditions were employed, we have named each morphologically unique cell type according to the characteristics shown in Figure 1 . Starting with nestinnegative cells (Fig. 1A-1C) , the in vitro conditions rapidly generated nestin-expressing cells, which increased in number with subculture (type 1 cells; Fig. 1E ). In the absence of FL, intestinal epithelial cells did not attach, and neither clusters nor INPs formed. Single-cell cultivation did not result in clonal growth as neurospheres. After 1-2 passages, compacted clusters ( Fig. 1F) with neuroblast-like, uni-and bipolar nestin-positive cells appeared (Fig. 1G) . The number of nestin-positive clusters in the presence of LIF, bFGF, and EGF significantly increased with cultivation time from day 9 (10. (Fig. 1H) . Dissociation of clusters produced aggregates of 20 -50 cells that increased in size during cultivation and showed typical neurosphere-like morphology (Fig. 1J ), similar to that described in cells from skin [25] and corneal epithelium [26] . Clusters transferred into suspension formed spheroids (Fig. 1L, 1M ), which, 2 days after plating, contained up to 60% nestin-positive cells (Fig. 1O) .
␤-Galactosidase staining demonstrated that all cluster-derived, spheroid-derived, and nestin-positive cells originated from ROSA26 mice (Fig. 1D, 1F, 1K, 1M, 1N) . Early-passage cells demonstrated a normal karyotype (not shown). By applying the same culture methods, we generated nestin-expressing cells from human intestinal epithelium ( Fig. 1P-1S ; supplemental online Notes).
Origin of INPs
In adult small intestine of pNestin-EGFP mice, we were unable to demonstrate the presence of nestin-EGFP expression in intestinal epithelium ( Fig. 2A) and Cdx1-positive transit-amplifying region (Fig. 2B ), whereas neurons of the plexus myentericus and submucous plexus were EGFP-positive ( Fig. 2A) . Nestin-EGFP-positive cells were definitively absent in primary cultures of intestinal epithelial tissue (Fig. 1A-1C , 5 days) and only appeared around the clusters (Fig. 2C ) between 8 -12 days following coculture with FL cells, indicating that our cultures were not contaminated by enteric neurons.
By contrast, IE tissue (prior to culture), clusters (9 days) and INPs derived from clusters all showed transcripts to Cdx1 (Fig.  2J ). Cdx1 labeling was also observed in the cytoplasm of ϳ90% of the nestin-positive spheroid-derived ( Fig. 2D ) and type 1 (Fig. 2E ) cells.
Transcripts of Musashi-1 (Msi-1) were only found in the IE tissue, not in clusters or INPs. INPs derived from clusters showed no immunoreactivity to Msi-1 (Fig. 2F) , the vascular endothelial cell-specific antigen platelet/endothelial cell adhesion molecule (PECAM) (Fig. 2G ), or the subepithelial or pericryptal myofibroblast-specific smooth muscle actin (Fig.  2H) . Transcripts of Math1, a marker of intestinal progenitor cells that gives rise to goblet, enteroendocrine, and Paneth cells [27] and tryptophan hydroxylase 1, a marker of serotoninproducing enteroendocrine cells [28] , were only found in the IE tissue, not in clusters and INPs. Mash1 transcripts were found in the IE tissue but were absent in clusters and INPs. These data and the absence of p75 in the IE tissue samples (used for culture) argue against a neural crest origin. The data demonstrate that the nestin-positive INPs were not readily detectable in the tissue but rapidly formed under the influence of factors associated with mouse embryonic fibroblast cells.
Characterization of INPs
Nestin-positive cells displayed varying degrees of coexpression with desmin ( Fig. 3A-3D ), an intermediate filament, which is typical of but not exclusively specific to muscle cells. Approximately 80% of type 1 cells coexpressed nestin and desmin with high BrdU labeling ( [2] . After 9 -14 days, compacted clusters appeared that were ␤-galactosidase-positive (F) and immunolabeled by nestin (G). Confocal analysis revealed uni-and bipolar neuroblast-like nestin-positive cells (inset). 2a, To generate INPs, 9 -14-day-old clusters were plated on gelatin-coated plates and cultured for 1-2 passages for the generation of nestin-positive cells (H). 2b, Neurosphere-like aggregates (J, K) (100 m in diameter, containing ϳ100 -200 small cells [64] ) were generated from cells derived from clusters by culture for 7-14 days [3] . Nine-day-old clusters were isolated by enzymatic dissociation and further cultivated for 5 days in suspension to generate spheroids (L) that were ␤-galactosidase-positive (M). Spheroids precultured in the absence of LIF, bFGF, and EGF were smaller and contained fewer nestin-positive cells (40% vs. 60%) [4] . To expand the nestin-positive cell population, spheroids were plated and cultured for 7-14 days on different extracellular matrix proteins. (Fig. 3G, 3J ), corresponding, at least partially, to bipolar mouse ES-derived nestinexpressing cells [29] . Na ϩ currents (required for fast impulse conduction of neurons) were absent in all INPs investigated, suggesting that INPs are immature and do not resemble a neuronal phenotype.
Consistent with cellular properties characteristic of mouse INPs, a high number of human cells also (46.4 Ϯ 21.6%) were colabeled by nestin and desmin (Fig. 3K-3M) .
To test the degree of pluripotency of nestin-positive cells, INPs were analyzed for their developmental capacity in vivo and clonogenic capacity in vitro. RT-PCR and histological analysis of embryos developed from INP-transplanted blastocysts indicated that INPs did not participate in tissue formation (supplemental online Fig. 1 ; supplemental online Notes).
To determine the clonogenic capacity, neurosphere-like aggregates were dissociated, but no secondary aggregates were formed. Also, cultivation of single type 1, cluster-and spheroidderived INPs in suspension or adherent culture (with different matrix and growth factors; supplemental online Table 1 ) did not result in the generation of neurosphere-like aggregates or clonal growth, respectively. These observations supported the view that the proliferation of single INPs is either dependent on additional factors or the threshold concentration of these factors is insufficient for clonal growth.
The inability to contribute to tissue formation or to form individual cell clones and the high but finite proliferation capacity of these cells indicate that INPs represent a cell type with properties of progenitor cells. In contrast to primary skin [25] and corneal epithelial cells [26] , IE cells in suspension did not form neurospheres, indicating a non-neural cell type. 
Signaling Molecules in MEFs/FL Identified by SAGE and Q-PCR Analysis
To identify potential signaling molecules (secreted or cell-cell interacting) implicated in the formation of INPs, we constructed a SAGE library from MEFs (available as part of the Gene Expression Omnibus Database, accession number GSM7759). Library details and tag (transcript) classifications can be found either in supplemental online Table 4 or at http://www.ncbi.nlm. nih.gov/geo.
In silico analysis identified signaling molecules related to Wnt (Wnt1, Wnt2, Wnt5a, Wnt5b, Wnt6, Wnt11, Wnt14, Wisp1, Wisp2, secreted frizzled-related protein [sFRP] 1, sFRP2, Dkk2, and Dkk3) and BMP (BMP1, BMP4, and BMP5) pathways (supplemental online Table 4B ). Many of these tags matched multiple transcripts in GenBank, whereas other potential molecules could not be detected because the transcripts either lacked an anchoring enzyme site or the site was immediately adjacent to the poly(A ϩ ) sequence. We therefore designed primers (supplemental online Table 2B ) for a more systematic Q-PCR analysis of Wnt and BMP signaling molecules. These quantitative analyses confirmed the presence of Wntand, to a lesser extent, BMP-associated transcripts in FL (Table 1) and MEFs (supplemental online Table 4D ). In FL, sFRP2 and Wnt5a were the most abundant Wnt-associated transcripts, whereas BMP2 and the BMP1 antagonist Ckts1 were the most abundant BMP-associated transcripts. Figure 4A demonstrates the presence of Wnt4, Wnt5a, Wnt11, sFRP2, sFRP3, BMP2, BMP4, follistatin, and Lef1 transcripts in the mitomycin-C treated embryonic fibroblasts (FL) employed to cultivate IE cells. Wnt3a and Wnt8 transcripts were undetectable, and Wnt1 mRNA was detectable only at low levels. Widespread ␤-catenin protein (in the nucleus [ Fig. 4B ] and cytoplasm and at cell-cell contacts [ Fig. 4C] ) and the nuclear coexpression of ␤-catenin with Lef1 and Tcf4 in nearly all cells (Fig. 4B, 4C ) indicate a potentially active canonical Wnt signaling pathway in FL cells. Cellular localization studies show that sFRP2 labeled the cytoplasm of ϳ90% of FL cells (Fig. 4D) , whereas sFRP3 was only rarely detected (Fig. 4E) , and Dkk3 showed a punctuate labeling (Fig. 4F) .
Transcripts of Wnt/BMP Signaling Components and of Wnt/BMP Target Genes Are Upregulated in INPs
The preceding results suggested that secreted Wnt and BMP signaling molecules from FL might be involved in the transformation of IE cells into nestin-positive INPs. We therefore Quantitative-polymerase chain reaction data were analyzed using SDS 2.0 software (PE Applied Biosystems) by the "standard control method of analysis" (Applied Biosystems User Bulletin #2). Standard curves were generated from serial dilutions of cDNA generated from tissues previously determined to have a maximal level of expression for each primer set. All samples were assigned a relative quantity according to the standard curve generated for each specific primer set and data were normalized to ␤-tubulin. Rankings are given from most abundant (1) to least abundant (30) .
analyzed the mRNA levels of en-1, emx2, and follistatin, genes that are regulated by Wnt and BMP-dependent signaling pathways. We found that none of these transcripts were detectable in IE tissue, but all three were present in clusters, INPs (Fig. 5A) , and spheroid-derived cells (not shown). The greatest abundance of these transcripts was observed in the proliferative INPs. We detected Wnt4 transcripts in IE tissue, but after cultivation of intestinal epithelial cells on FL, these transcripts were upregulated in clusters and INPs. More significantly, Wnt5a and Lef1, which were not detectable in IE tissue, increased in abundance in clusters (Wnt5a) and INPs (Wnt5a, Lef1). Wnt1, Wnt3a, Wnt8, and sFRP2 transcripts were not detected in any of these cell types (not shown). In parallel, transcript levels of BMP2 and BMP4 were found in the IE tissue and in clusters. BMP2 was expressed in INPs at a level comparable to IE tissue, but BMP4 was clearly downregulated in INPs (Fig. 5A) . The cellular distribution and localization of ␤-catenin, Tcf4, and Lef1 also changed markedly during the process of transformation of IE cells into INPs. In vivo, stem and TA progenitor cells of the crypts show nuclear localization of ␤-catenin [30] , whereas in clusters, ␤-catenin labeling was low and mainly localized at the membrane (Fig. 5B) . In INPs derived from clusters, ␤-catenin was highly abundant in the nucleus, cytoplasm, and cellular membranes (Fig. 5C) , suggesting a relocation of the protein from the cell membrane to the nucleus (however, a selection for cells that have nuclear ␤-catenin may also be possible). In contrast, Tcf4 expressed in TA cells of the IE tissue (not shown) was nearly absent in clusters and completely absent in INPs (Fig. 5D, 5E ). Lef1, which is absent in the proliferating compartment of adult intestinal tissue [31] , was detected at low levels as intranuclear punctuate structures in the clusters (Fig. 5F ) but at relatively high levels in the nuclei of INPs (Fig. 5G, 5H ).
INPs Give Rise to Ectodermal and Endodermal Cell Lineages with Differentiation In Vitro
First, we tested INPs for the potential to generate neuronal and glial cells in vitro. We found transcripts for nestin, en-1, synaptophysin, neurofilament, and glial fibrillary acidic protein (GFAP) in cells that differentiate from neurosphere-like aggregates ( Fig. 6A ; supplemental online Notes). Second, immunofluorescence analysis revealed persistent nestin expression in spheroid-and type 1-derived cells (supplemental online Table  5A ). ␤-III-Tubulin (Fig. 6B) and GFAP (Fig. 6C) were detected at high levels in spheroid-derived cells.
Cocultivation of EGFP-expressing INPs derived either from clusters (not shown) or from neurosphere-like aggregates on PA6 stromal cells resulted in the differentiation of ␤-III-tubulin-expressing cells (Fig. 6D ) after 6 days. The majority of cells expressed synaptophysin (Fig. 6E ) after 17 days of coculture, but GFAP and tyrosine hydroxylase could not be detected. (Fig. 6G) . GAP43, expressed in axonal growth cones of developing and regenerating neurons and absent in IE-derived clusters on FL, was detected in INPs 17 and 22 days after transplantation (Fig. 6H) . GFAP, O4, and peripherin were not detected (absence of other neuronal markers is shown in supplemental online Table 7) .
One characteristic property of mature neuronal cells is electrical excitability. Patch-clamp analysis of cells that differentiated from neurosphere-like aggregates (resulting in morphologically typical neuronal [ Previous studies demonstrated the presence of nestin-positive cells during pancreatic differentiation in vitro [32, 33] . After pancreatic differentiation according to reference 21, type 1 cells revealed transcripts of islet-1 and insulin (Fig. 6L) . Immunofluorescence analysis demonstrated the presence of nestin-positive (35%), insulin-positive (51%), and C-peptide-positive (45%) cells, whereas cytokeratin 19 was not detected (supplemental online Table 5B ). Double-labeling studies showed that 27.3% of the cells coexpressed nestin and C-peptide (Fig. 6M-6O ), indicating that nestin-expressing cells may be involved in the formation of insulinproducing cells. The cells also coexpressed insulin and C-peptide ( Fig. 6P-6S ). Intracellular insulin levels, analyzed by ELISA, were significantly increased in differentiated type 1 cells; however, the cells did not respond to high glucose concentrations (details are given in supplemental online Table 6 ), indicating that the cells do not represent a pancreatic endocrine phenotype.
We also analyzed hepatic differentiation of INPs, because nestin-positive cells have been detected during liver regeneration [34] and hepatic differentiation from ES cells [22] . Type 1 cells, which differentiated in the presence of hepatocyte-inducing factors, expressed hepatic nuclear factor 3␤, ␣-fetoprotein, albumin, and ␣1-antitrypsin transcripts (Fig. 6T) . Differentiated type 1 cells were labeled by nestin-(supplemental online Table  5C ), albumin- (Fig. 6U) , ␣1-antitrypsin- (Fig. 6V) , and cytokeratin 18- (Fig. 6W ) specific antibodies. ELISA did not show albumin secretion (not shown), suggesting that these cells may not have acquired a functional hepatic phenotype.
DISCUSSION
Several techniques for the cultivation of intestinal epithelium containing stem and progenitor cells have been described, but the cultivation of these cells invariably led to the loss of differentiation and regeneration potential, probably due to suboptimal culture conditions [35] . It was therefore proposed that epithelialmesenchymal tissue interactions are important in regulating proliferation and differentiation of intestinal epithelial cells [36] . To mimic this potential interaction, we cocultivated embryonic fibroblasts, which are basically mesenchymal cells that produce signaling factors critical to the in vitro maintenance of ES cells, with intestinal epithelium. Using this method, we identified a previously uncharacterized nestin-positive cell type from mouse and human intestinal epithelium. These results led us to look for potential signaling molecules from FL cells that reprogram intestinal epithelial cells to form INPs. We found that cocultivation of IE cells with FL specifically led to a modification of Wnt/BMP target genes and pathways in INPs.
Origin of Nestin-Positive Cells
Developmentally, it was important to determine the origin of these novel cells. The expression of Cdx1 in the nestin-positive cells suggests that INPs originate from the proliferative TA region of the intestinal epithelial crypt and not from interstitial cells of Cajal, which are Cdx1-negative mesenchymal cell de- rivatives [9, 37] that often express smooth muscle actin (but it is also possible that INPs originate from another Cdx1-negative cell type).
The absence of Math1 suggests that INPs are not derivatives of intestinal progenitors, and the lack of tryptophan hydroxylase 1 expression indicates that INPs are not derived from serotoninproducing enteroendocrine cells. The lack of smooth muscle actin expression in INPs also argues against the subepithelial or pericryptal myofibroblast nature of INPs. Because INPs showed no immunoactivity for PECAM, we exclude an origin from vascular endothelial cells. However, we cannot rule out the possibility that stem cells found at the base of the crypt are induced to generate the Msi-1-negative/nestin-positive cells when cultivated in the presence of MEF-FL cells.
In addition, there is no evidence for a neural crest origin [38] , because of the absence of p75 in intestinal tissue, and mash1 and Wnt1 [39] in the clusters and INPs [40] . The lack of neurosphere formation from primary intestinal epithelial cells and the inability to generate secondary neurospheres from cluster-derived neurospheres furthermore suggests a non-neural precursor cell type. We therefore propose that the most likely origin for INPs is the TA region of the intestinal epithelial crypt.
The use of cell isolates from transgenic mice also demonstrated that all the IE cell descendants (clusters, spheroids, INPs, and differentiated cell types) described in this study showed ␤-galactosidase staining and originated from ROSA26 mice and not from contaminating feeder cells. The absence of nestin-positive cells in adult intestinal epithelium of pNestin-EGFP mice also confirmed that nestin-expressing cells (INPs) developed only following coculture with FL cells.
Potential Mechanisms Involved in the Generation of INPs
The comparative SAGE analyses implicated Wnt signaling molecules as abundant factors in FL. Because Wnt signaling molecules are known to influence cell lineage decisions [41] and because of the role of Tcf4 in maintaining the IE stem cell compartment [10] , we studied transcript and protein abundance of members of the Wnt/BMP signaling cascade. We show that Wnt4 is highly abundant in FL cells and in IE-derived clusters cultured on FL, but because Wnt4 is maximally expressed in clusters and not INPs, various signaling molecules or concentrations of molecules (supplied by FL cells and medium components) may be involved in its regulation. Because high Wnt5a transcript levels were found in the SAGE catalogue from feeder cells and because INPs revealed upregulated Wnt5a levels, the presence of Wnt5a mRNA in clusters and especially in INPs could implicate the activation of a noncanonical Wnt signaling pathway [42] . Wnt5a is highly expressed in embryonic limb bud mesenchyme and ectoderm [43] , and in the same regions, nestin-positive cells have been found [44] . Because Wnt5a is regulated by bFGF or BMPs in vivo and in vitro [45] , we hypothesize that similar mechanisms may be implicated in INP formation.
During embryogenesis, Cdx1 is localized in the cytoplasm and nuclei of cells in the prospective crypts at E15.5, but at E17.5 days post conception, Cdx1 is generally restricted to the nucleus [45] . The accumulation of Lef1 and loss of Tcf4 (a direct regulator of Cdx1 [46] ) may account for the cytoplasmic distribution of Cdx1 expression observed in INPs. This finding and the downregulation of Tcf4 suggest a modulation of Wnt/ ␤-catenin signaling pathways in the process of reprogramming of intestinal epithelial cells into INPs.
The upregulation of en-1, emx2, and follistatin, direct targets of Wnt and BMP signaling, suggests a direct role of these factors in the generation of INPs [47] [48] [49] . Follistatin antagonizes BMP4 activity during neural differentiation [50] , and its upregulation, concomitant with the downregulation of BMP4 in nestin-positive INPs, further suggests the implication of BMP signaling in INP formation. The preponderance of Wnt signaling molecules in FL and the activation of Wnt/BMP target genes in nestin-positive INPs, therefore, led us to hypothesize that INPs form, at least partially, through the interactions of Wnt and BMP signaling molecules released by FL cells. Still, when we cultured intestinal tissue in Wnt5a-conditioned medium (supplemental online Notes), no changes in the abundance of nestinpositive clusters and in the nestin transcript level were observed. This leads us to speculate that perhaps more than one signaling pathway may be involved in INP formation and further experiments are necessary to confirm the relationship between INP formation and Wnt and BMP activation.
In summary, the reprogramming process of adult intestinal epithelial cells by feeder cells resulted in the generation of INPs that possess some properties of embryonic intestinal epithelium. The cells show cytoplasmic Cdx1 expression and Lef1 (instead of Tcf4) signaling comparable to IE cells during embryogenesis [31] . The use of an artificial niche of MEFs therefore seems to reprogram adult tissue cells to a cell type with a more primitive embryonic stage of development that has a high degree of flexibility and plasticity.
Properties of Nestin-Positive Cells and Derivatives In Vivo and In Vitro
Three lines of evidence indicate that INPs represent a cell type expressing properties of a progenitor and not a stem cell type. First, after injection into blastocysts, INPs did not contribute to tissue formation indicating an insufficient developmental capacity in vivo. In contrast, in vitro INPs demonstrate a high degree of plasticity, and under appropriate conditions, INPs differentiate into cells with properties typical of ectoderms (neuronal and glial) and endoderms (pancreatic and hepatic). Second, the nestin-positive cells demonstrate a high but finite proliferation capacity, a trait that is characteristic of progenitor cells [51] . Type 1 cells incorporate BrdU, similar to that of nestin-positive cells derived from R1 ES cells [13] and from limbal-corneal epithelium [26] . However, after continued cultivation (5 passages for clusters and spheroids, 14 passages for type 1 cells), the in vitro proliferation capacity decreases significantly. Third, we were unable to clonally isolate and cultivate single nestinpositive cells. Altogether, these properties suggest that INPs represent a cell type that expresses some characteristics of progenitor cells.
In contrast to ES-derived specialized cells, the functional capacity of INPs seemed to be limited. Our observation that INP derivatives of synaptophysin-positive cells were devoid of Na ϩ currents and ligand-gated ion channels (typical of neuronal cells), and the lack of functional properties of hepatic and pancreatic cells suggests that the in vitro conditions do not fully support the development of functional cell types or that the intrinsic capacity of INPs is not able to accomplish functional competence. Importantly, transplantation into hippocampal slice cultures showed extensive INP migration, paralleled by a decrease of nestin and desmin and differentiation into ␤-III-tubulin-and GAP43-positive cells. However, the limited functional (electrophysiological) maturation suggests a restricted neuronal fate specification of INPs, potentially due to a lack of appropriate niche signals. Alternatively, selection by culture conditions, especially the effects of bFGF and EGF [52] , might account for this limitation because similar findings were obtained with limbal epithelial-derived neuron-like cells [26] .
Similar nestin-positive cell types characterized by restricted differentiation capacity and lack of neuron-specific ion channel activity have been isolated from various somatic tissues, including bone marrow and cord blood [53] [54] [55] , mouse skin dermis [25] , inner ear [56] , or human corneal epithelium [57] . However, our finding that nestin-positive cells differentiate into cells expressing some pancreatic cell markers are supported by recent findings that human pancreas-derived nestin-positive cells develop into islet-like cells after long-term cultivation [58] .
Nestin Expression as a Marker of Cells Representing High Plasticity
Our results and data from other publications [21, 22, 32] suggest that nestin might be a general marker useful for the identification of a diverse potential progenitor cell type. In adult organisms, nestin is restricted to distinct locations associated with regenerative processes [13] , but in response to injury, nestin is detected in myoblasts [59] , and it is re-expressed in astrocytes [60] . The coexpression of desmin with nestin in INPs and in differentiating ES cells [13] may also be consistent with a cell type of high plasticity. This is supported by the isolation of INP derivatives characterized by properties typical for neuronal, hepatic, and pancreatic cells. Normally, in adult cells, nestin and desmin do not form heteropolymers, but a copolymerization of nestin and desmin has been described for skeletal muscle cells of E15.5 days p.c. embryos [61] . Nestin and desmin coexpression was also found in liver cell types under regenerative conditions [34] .
Nestin was also detected in gastrointestinal stromal cell tumors [37] . Because INPs showed a temporary proliferation capacity and euploid karyotypes, we exclude the possibility that nestin expression in INPs is correlated with tumorigenic cell transformation. These results, and the observation that the duodenum, jejunum, and ileum are largely cancer-free [62] , argue against a tumorigenic status of INPs.
The molecular mechanisms for nestin upregulation (or reactivation) after injury are not understood. One possibility could be that soluble factors released by the adjacent tissue (niche cells) trigger gene activation, similar to that for growth factors in the brain [63] and as suggested for BMP4 in carious lesions of teeth [64] . The present study implicates Wnt/BMP signaling in the induction of INPs, and we hypothesize that similar mechanisms may be involved in processes of in vivo tissue regeneration. Because cellular responses after injury recapitulate processes of early development, we suggest that in adult somatic tissues, nestin expression/re-expression in response to injury and/or secreted factors of niche cells may represent a status associated with flexibility and plasticity of cells.
